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We analyze and experimentally demonstrate the possibility of generating X-waves at microwave and
millimeter-wave frequencies by means of a partially open radial parallel-plate waveguide antenna. The struc-
ture is azimuthally symmetric and fed in the center by means of a simple vertical coaxial probe, which excites
a cylindrical leaky wave. Radially periodic annular slots etched in the upper metal plate allow the propagation
of a backward leaky wave, as required for generating Bessel beams in the near-field region. Since X-waves
are polychromatic superpositions of Bessel beams, the wavenumber frequency dispersion of the relevant leaky
mode is accounted for by the antenna design. In particular, a dispersion-engineering approach is used to
properly select the operating fractional bandwidth for the antenna. Even if the beneficial effect of a large
bandwidth is partially neutralized by the dispersive character of the resulting pulse, this being more promi-
nent as the bandwidth increases, the experimental results demonstrate the capability of this simple planar
design of generating X-waves in the microwave regime. The antenna can be of interest for the design of
next-generation medical imaging devices, for non-destructive evaluations, as well as for wideband near-field
secure communications and wireless power transfer systems at microwaves and millimeter waves.
PACS numbers: 63.20.Pw, 84.40.Ba, 41.20.Jb, 41.20.-q, 84.40.-x
There has been increasing interest, in the last decade,
in the analysis and design of low-cost and low-profile mi-
crowave and millimeter-wave devices enabling the radi-
ation of localized energy, in the form of nondiffracting
waves1–8. Nondiffracting waves represent a wide class
of solutions to the Helmholtz equation with remarkable
limited-diffractive and limited-dispersive features7–11,
which make them a very attractive solution in the
field of the wireless power transfer, imaging, as well as
secure chip-to-chip and short-distance communications
(see, e.g.,7,8,12–17 and refs. therein).
Among the various types of nondiffracting waves,
Bessel beams and X-waves represent the most known
monochromatic solutions (i.e., beams) and poly-
crhomatic solutions (i.e., pulses), respectively10,18–21.
The former can be represented as a superposition of plane
waves whose direction lies on the surface of a cone7; the
semi-aperture angle of such a cone is usually called the
axicon angle (see Fig. 1). Interestingly, Bessel beams ex-
hibit transverse energy localization up to a distance (the
nondiffracting range, zNDR) from the radiating aperture
which is governed by the aperture radius ρap and the
axicon angle θ through the relation zNDR = ρap cot θ
22.
Experimental generations of Bessel beams have been re-
ported so far in both the optical range (see, e.g.,23 and
refs. therein) and the microwave range (see, e.g.,24).
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On the other hand, X-waves are obtained as a weighted
frequency superposition of Bessel beams sharing the same
axicon angle7,8. Indeed, when the weight is uniform over
the frequency spectrum, they can be interpreted as the
time-domain inverse Fourier-transform of Bessel beams.
As a result, they inherit the transverse localization of
Bessel beams. In addition, X-waves also exhibit longitu-
dinal energy localization up to the nondiffracting range.
The level of longitudinal localization can be indepen-
dently controlled by the fractional bandwidth over which
X-waves are generated, provided that the structure ex-
hibits limited cone dispersion (i.e., the variation of the
axicon angle with frequency)11.
Differently from Bessel beams25, experimental evi-
dences of X-waves are rather scarce. After their first re-
alization in acoustics26 in the early ’90s, the first demon-
strations in optics appeared at the end of the ’90s27,28.
Very recently, the experimental generation of X-waves
in the microwave range has been demonstrated and dis-
cussed in29. Indeed, the device proposed in29 resorts to a
dielectric lens to avoid the wavenumber dispersion (and,
consequently, cone dispersion) typical of radial waveg-
uides. This is paid at the expense of a bulky non-planar
design. This temporary lack of evidence of X-waves in
the microwave range is due to the inherent difficulties
in designing broadband Bessel-beam launchers with lim-
ited dispersive features, as required to grant the localized
character of X-waves11,30.
On the other hand, the effects of anomalous dispersion
2FIG. 1. Radially periodic leaky-wave antenna for the gener-
ation of X-waves at microwaves. The antenna is made by an
annular, periodic, MSG placed on a dielectric laminate having
low permittivity (r = 2.2). The antenna generates a bullet-
like (i.e., focused) pulse within a confined region in front of
the antenna. The X-wave section slowly increases beyond the
nondiffracting range due to the controlled wavenumber dis-
persion. Antenna parameters: strip width w = 4 mm, period
d = 10 mm, slab thickness h = 3.14 mm, radial aperture
ρap = 140 mm.
in dielectric media in connection with the generation of
X-waves have been extensively analyzed in optics27,31–34.
We note that, while anomalous dispersion of dielectric
media plays a key role for the generation of X-waves,
wavenumber dispersion is an undesirable effect for their
synthesis through radial waveguides11,30,35. In this re-
gard, dispersion engineering approaches as those dis-
cussed in the following, can be beneficial to limit as much
as possible the temporal broadening of the propagating
pulse.9
Recently, different broadband planar radiators with
limited dispersive features have been proposed in the
microwave range30,35–40. The underlying idea, common
to all wideband Bessel-beam launchers based on radial
waveguides, is to synthesize an inward traveling-wave
cylindrical distribution over the aperture plane, i.e.,
At(ρ, φ, z = 0) = H
(1)
n (kρρ)e
−jnφ, ρ ≤ ρap, (1)
where {ρ, φ, z} are the coordinates of a cylindrical refer-
ence frame, kρ = βρ−jαρ is the radial complex wavenum-
ber, related to the vertical one (i.e., kz) through the sep-
aration relation k2ρ + k
2
z = k
2
0, k0 being the free-space
wavenumber. H
(1)
n (·) represents the Hankel function of
the first kind and n-th order, and At an aperture field
(either electric or magnetic) of arbitrary polarization. A
time dependence of the kind ejωt has been assumed and
suppressed. It is well known38,41,42 that such an aperture
field allows for generating Bessel beams over a diamond-
shaped region in front of the aperture and within the
nondiffractive range.
Although it is possible to synthesize an inward aper-
ture field of arbitrary azimuthal order through the holo-
graphic principle24,36,43,44, we use here the leaky-wave
theory to synthesize a zero-th order transverse magnetic
(TM) Bessel beam for the vertical z-component of the
electric field through a radially periodic leaky-wave an-
tenna (LWA)30,40. In this case, an annular metal strip
grating (MSG) is placed on top of a simple grounded di-
electric slab (GDS) and fed in the center by a coaxial ca-
ble, which excites the fundamental TM cylindrical leaky
mode (see Fig. 1). Therefore, the structure supports an
aperture field exhibiting the desired inward character:
Eρ(ρ, z = 0) = −j kz
kρ
E0H
(1)′
0 (kρρ), (2)
where the prime symbol (·)′ stands for the first deriva-
tive with respect to the argument. On this basis, the
MSG has to be designed to excite a backward fast
leaky wave45 (i.e., with −k0 < βρ < 0), so that
the required inward character is recovered exploiting
the well-known relation between Hankel functions, i.e.,
H
(2)
0 (kρρ) = −H(1)0 (−kρρ)46. As a result, the radiated
electric field components take the following expression:
Eρ(ρ, z) ∝ J ′0(kρρ)u(ρ cot θ − z)u[(ρap − ρ) cot θ − z],
(3)
Ez(ρ, z) ∝ J0(kρρ)u(ρ cot θ − z)u[(ρap − ρ) cot θ − z],
(4)
for ρ ≤ ρap and 0 ≤ z ≤ zndr. J0(·) represents the Bessel
function of first kind and zero-th order and the prime
symbol (·)′ stands again for the first derivative with re-
spect to the argument. The Heaviside step function u(·)
accounts for the ray-optics description of the field within
the nondiffractive range42 (note also that Eφ = 0, due to
the azimuthal symmetry of the electric field). An exten-
sive theoretical discussion on these aspects can be found
in30,36,42, whereas an experimental validation of the con-
cept is given in40. Interestingly, the planar antenna in40
exhibits a 40% impedance bandwidth, spanning from 14
GHz to 21 GHz, opening to the possibility of generat-
ing X-waves by means of such a low-cost and low-profile
structure. The experimental demonstration of the time-
domain focusing capabilities in terms of X-waves of the
LWA proposed in40 is investigated here.
In spite of the remarkably large impedance bandwidth
of the considered antenna, the portion of the frequency
range that can be used for the generation of X-waves is
limited by the wavenumber dispersion, which is an inher-
ent feature of LWAs. More importantly, we remind that
only fast (i.e., radiating) backward waves may contribute
to the generation of X-waves, hence the bandwidth is
limited by the range in which −k0 < βρ < 0. This cor-
responds to the visible range through the well-known re-
lation βρ = k0 sin θ. We should mention that periodic
LWAs commonly experience degradation of the radiation
in proximity of the open stopband (i.e., when βρ ' 0)47.
Moreover, it is noted that for θ > 45◦, the nondiffrac-
tive range is less than the aperture radius. On this basis,
depending on the considered structure, the operational
frequency range should be practically narrowed between
about −0.8k0 < βρ < −0.1k0, which corresponds for the
structure under consideration here to a frequency interval
ranging from 15 to 21.5 GHz40. Therefore, the intersec-
tion between the radiating and the impedance bandwidth
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FIG. 2. Dispersion behavior of the axicon angle for the struc-
ture presented in Fig. 1. Two frequency bands are highlighted
around the center frequency f = 19 GHz: the 18 to 20 GHz
band (blue violet) and the 17 to 21 GHz band (light blue).
defines the available frequency range, which is given here
by 15 to 21 GHz. The corresponding operative fractional
bandwidth (FBW, about 30%) is still considerably large,
and can be successfully exploited to generate X-waves.
As a matter of fact, as recently discussed in11, by increas-
ing the FBW the longitudinal localization of the pulse is
expected to improve. However, this feature holds rig-
orously true for nondispersive X-waves. Conversely, for
dispersive X-waves11, as those discussed here, wavenum-
ber dispersion has a more detrimental effect as the FBW
increases. Indeed, the leaky-wave dispersion could dra-
matically affect the longitudinal localization of the field,
which, in the limit, can be neutralized by the dispersive
character of the resulting pulse11,30.
In this frame, larger operational FBWs do not nec-
essarily correspond to an enhanced longitudinal local-
ization of the pulse, as we will theoretically and ex-
perimentally discuss next. As shown in the dispersion
plot of Fig. 2, if one takes a small symmetric frequency
band around the center frequency f0 = 19 GHz, the
amount of cone dispersion ∆θ is controlled by the dis-
persion curve. For example, in the frequency range 18 to
20 GHz, the structure experiences a cone dispersion of
about ∆θ = 12◦ over a FBW slightly greater than 10%,
whereas in the frequency range 17 to 21 GHz, the struc-
ture experiences a cone dispersion of about ∆θ = 24◦ over
a FBW slightly greater than 20%. Clearly, as the FBW
doubles, ∆θ doubles as well, due to the almost linear dis-
persion behavior of the axicon angle. As a result, the ex-
pected increase in localization could be hindered by dis-
persion. This aspect has been analytically discussed in30,
and will be experimentally corroborated here by taking
advantage of the measurement setup developed in40. We
stress here that a similar frequency-domain technique has
been recently validated for the first experimental gener-
ation of X-waves in the microwave range29.
As given in29,35, the i-component (with i = ρ, z) of the
X-wave produced by the launcher is obtained by numer-
ically performing the following integral
ei(ρ, φ, z; t) = <
[∫
∆Ω
Emeai (ρ, φ, z;ω)e
jωtdω
]
, (5)
where Emeai is the electric field measured on a 2-D lattice
(spatial steps of 3 mm) on the xz longitudinal plane in the
near-field of the antenna and ∆Ω = 2pi∆f the considered
bandwidth (see Fig. 2). From Eqs. (3)-(4) it can then be
deduced that each component ei(ρ, φ, z; t) is a spectral
superposition of Bessel beams.
It is worth to stress here that a coherent processing has
to be developed (i.e., retaining both amplitude and phase
of the near-field distribution) to generate the X-wave;
thus, the initial phase of the spectral field should be con-
trolled by the experimental setup. For measurement sim-
plicity, the maximum distance along the z-axis at which
samples are collected is set here to be 35 cm, which
approximately corresponds to the nondiffracting range,
zNDR, evaluated at the central frequency f = 19 GHz.
Due to practical constraints, measurements have been
collected starting from a minimum distance from the an-
tenna aperture equal to 6 cm. To avoid sampling ar-
tifacts, such as unwanted replica and aliasing, a spec-
tral sampling of 0.5 GHz is considered for the two fre-
quency ranges, namely 17 to 21 GHz (9 frequency sam-
ples) and 18 to 20 GHz (5 frequency samples). In fact,
considering a pulse propagating in free space, the time
needed to travel the nondiffractive distance (correspond-
ing to 35 cm here) is equal to T0 = zNDR/vz, where
vz = ∂ω/∂βz represents the group velocity of the pulse
along the longitudinal direction. (Note that vz ' 0.64c,
c being the speed of light in vacuum). Hence, the num-
ber of frequency samples Ns has to be greater than
Ns = d∆fT0 + 1/2e.
Experimental 2-D maps time-evolution for the ρ and
z components of the electric field on the xz-plane have
been reported in Figs. 3(a)-(f), considering the 17 to
21 GHz range. Figures 3(a)-(c) present the normalized
time-domain distribution of eρ, whereas Figs. 3(d)-(f) are
those of ez. The localized nature of both the components
of the pulse, which basically maintains its nondiffract-
ing profile along both the transverse and longitudinal di-
rections, can be observed. More importantly, the field
clearly shows a limited-diffractive nature, despite the in-
herent dispersion of the leaky mode responsible for the
X-wave radiation, which, as discussed, is connected to the
dispersion of the axicon angle in Fig. 2. Note that the
transverse profile of the pulse is dictated by the relevant
Bessel function, as corroborated by the frequency-domain
fields given by (3)-(4).
To assess the effect of the wavenumber dispersion on
the profile of the nondiffracting pulse, Figs. 4(a)-(b) and
Figs. 4(c)-(d) report the amplitude of eρ and ez, respec-
tively, at a fixed time instant but for two different val-
ues of FBW (see the caption for the relevant details).
It can be observed that the bandwidth has an impor-
tant effect on the shape of the pulse. Its spatial pro-
4FIG. 3. Measured time evolution of the normalized field distributions of the structure of Fig. 1 for (a)-(c) the ρ-component and
(d)-(f) the z-component of the pulse for time instants t1,2,3 = 7, 9, 11 ns, considering the 17 to 21 GHz frequency range. The
reference amplitude for the normalization is assumed at the first time instant t1 = 0.7 ns. The pulse propagation is observed
at φ = 0, i.e, on xz-plane (note that all longitudinal planes are equivalent thanks to the azimuthal symmetry of the fields).
FIG. 4. Measured normalized leaky pulse field amplitude over
the xz plane for (a)-(b) |eρ|, and (c)-(d) |ez|. Comparison
between leaky pulses obtained over two different fractional
bandwidths for a fixed time instant t1 = 0.9 ns. (a) and (c)
FBW = 11.1% (i.e., 18 to 20 GHz); (b) and (d) FBW= 22.2%
(i.e., 17 to 21 GHz).
file remains, indeed, well collimated for both the values
of FBW, and along both the tranverse and longitudinal
directions. However, the case achieved with the larger
bandwidth (i.e., Figs. 4(b)-(d)) suffers from the presence
of the wavenumber dispersion. The nondiffracting pulse,
indeed, is slightly distorted and spoiled by the presence
of tails. This effect is more visible as the pulse prop-
agates further, approaching the nondiffracting range of
the central frequency of 19 GHz (see also11).
To summarize, a planar radially-periodic LWA fed
by a simple source has been proposed for generating
limited-dispersive X-waves, by suitably selecting the op-
erating bandwidth. As shown by the experiment, a frac-
tional bandwidth of about 10% represents a good tradeoff
among longitudinal localization and limited distortion,
whereas a fractional bandwidth wider than 20% nega-
tively affects the pulse shape during propagation. How-
ever, the presented prototype was not designed to have
a limited cone dispersion, as suggested in30, but to max-
imize the impedance bandwidth of the antenna, keep-
ing the design as simple as possible. This and other
aspects are worthy of further investigation. The use
of larger fractional bandwidths, indeed, in conjunction
with a controlled dispersion of the leaky-mode wavenum-
ber, can potentially enable the generation of even shorter
nondiffractive pulses at microwaves by means of simple
planar devices. This is a very attractive and desirable
feature that opens unprecedented possibilities for a wide
class of practical applications. Both the longitudinal and
transverse confinement of the pulse, indeed, could be of
great interest for the design of next generation of high-
resolution microwave and millimeter-wave holographic
5imaging systems48 and for the development of advanced
electromagnetic non-destructive evaluation devices, with
application to the field of ground penetrating radar and
medical imaging16,17,49,50. As a matter of fact, most of
the current techniques are based on pulsed radar systems
(see, e.g.,48), which achieve the desired down-range reso-
lution (i.e., longitudinal) transmitting a radio-frequency
pulse. Cross-range resolution (i.e., transverse), instead,
is typically achieved by relying on the size of the antenna
footprint or, alternatively, by means of a synthetic aper-
ture radar, SAR (see, e.g.,48 and references therein). On
this basis, thanks to both the transverse and longitudi-
nal confinement of the pulse, X-waves could represent an
attractive solution to obtain both down-range and cross-
range high resolution in the near field without introduc-
ing a synthetic aperture, whilst taking advantages of the
potential benefits (in term of power efficiency) given by
the transmission of localized energy.
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